Leaf wetting frequently occurs due to not only precipitation but also night-time dew formation, guttation and fog, and it largely affects plant physiological and ecological functions (Monteith and Unsworth 2013, Yang et al. 2017). Therefore, studies on leaf wetting were conducted based on various viewpoints. As the most common motivation, wetting frequency and duration were analysed in relation to the risk of disease occurrence for crops (Bass et al. 1991) . It is also reported that long-term leaf wetting such as rainfall irreversibly damages the photosynthesis process (Ishibashi and Terashima 1995) . These are examples of the negative effects of leaf wetting on plants; however, interesting positive effects on water relations have recently been recognized.
the shoot water potential in woody plants. These studies suggested that dew may play an important role in water relations in forest ecosystems. Zhang et al. (2015) reported the importance of dew as a landsurface water resource in semi-arid regions, though dew had not been generally considered in the water balance because its amount is approximately one order of magnitude lower than that of evapotranspiration. Furthermore, Yasutake et al. (2006) observed a relationship between morning heavy leaf wetting due to night time dew formation and midday depressions in stomatal conductance and photosynthesis in semi-arid cornfields, where the midday depressions occurred just after the disappearance of leaf wetting due to evaporation. Yasutake et al. (2015) then conducted an intensive survey to analyse the night time leaf wetting process and its effects on plant water relations. Their results suggested that leaf wetting might play a role in improving water use efficiency by avoiding excessive transpirational water loss (water stress), which should bring midday depressions in stomatal aperture and photosynthesis. However, Yasutake et al. (2015) discussed the gradient as a driving force of transpiration only based on the leaf-to-air humidity. To demonstrate this hypothesis, it is necessary to measure leaf gas exchanges (transpiration rate, photosynthetic rate, etc.) when leaves are wetted.
The chamber method, as one of the most standard methods for measuring leaf gas exchanges (Jones 2014) , is applicable for the photosynthetic measurement but not for the transpiration measurement of wetted leaves (Yokoyama et al. 2018) , because evaporation of water attached to leaves should be included for transpiration. On the other hand, the transpiration sap flow meter method could be applied for measuring transpiration of a wholeplant ) even if leaves are wetted.
In this study, therefore, two methods mentioned above were combined for the measurement of leaf gas exchanges such as transpiration rate, leaf conductance, and photosynthetic rate of a wetted whole plant. The goals of this study were to: (1) develop a whole chamber system equipped with the chamber method and sap flow meter method and (2) analyse leaf wetting effects on gas exchanges of corn by using the whole chamber system under a soil water condition assumed as semi-arid field.
MATERIAL AND METHODS
Whole plant chamber system and methods of analyses. Figure 1 shows a schematic diagram of the whole-plant chamber system developed for analysing leaf gas exchange characteristics of a Figure 1 . Schematic diagram of a whole plant chamber system for analysing the gas exchange characteristics of a single plant single plant even if it is wetted. The system primarily consisted of a whole-plant chamber (0.6 × 0.5 × 1.2 m), an air humidity sensor (HMP60, Vaisala Co., Ltd., Helsinki, Finland), an infrared CO 2 -gas analyser (LI-820, Li-cor Inc., Lincoln, USA), a transpiration sap flow meter (SGB19-WS, Dynamax Inc., Houston, USA), a T-type thermocouple with a diameter of 0.1 mm, a programmable data logger (CR-1000, Campbell Scientific Inc., Logan, USA), an air blower (U2V-07S, Showa Denki Co., Ltd., Osaka, Japan), some flow meters (FSM2-DNV-1, CKD Corporation, Aichi, Japan, and P-100, Tokyo Keiso Co., Ltd., Tokyo, Japan), some air regulators and valves, air paths, and an artificial light source with 12 LED units (LLM0312A, Stanley Electric Co., Ltd., Tokyo, Japan).
The air blower facilitates air flow through the chamber at a constant rate of 110 L/min, where vapour and CO 2 concentrations of air in the chamber can be roughly controlled by changing the ratio of air flowing into the soda lime and silica gel cells. A part of the flowing air is collected from the positions just before and after the chamber and sent to the humidity sensor and CO 2 -gas analyser to measure their vapour and CO 2 concentrations.
Vapour flux (i.e. the transpiration rate (T r ) when the plant is not wetted, and the evapotranspiration rate (ET) when the plant is wetted) and CO 2 flux (i.e. the photosynthetic rate (P)) from the plant can be evaluated based on the chamber method using those gas concentrations and air flow rate (Jones 2014) . T r can also be measured by the sap flow meter method, which is effective for measuring the T r of wetted plants as well as non-wetted plants. Concerning the measurement of wetted plants, the difference between ET values measured by the chamber method and T r values measured by the sap flow meter method is the evaporation rate (E) of the water attached to leaf surfaces.
Furthermore, leaf conductance (G L ; a reciprocal of the sum of stomatal resistance and leaf boundary layer resistance) as an index of stomatal aperture can be evaluated as follows (Yasutake et al. 2009 ):
Where: e L (kPa) -vapour pressure at leaf temperature measured by the T-type thermocouple; e A (Pa) -vapour pressure of air; p (kPa) -atmospheric pressure.
On the other hand, light intensity in the chamber can be controlled by changing a setting height of the LED light source above the chamber. Figure 2 shows the distribution of photosynthetic photon flux density (PPFD) on a cross-sectional plane at a height of 80 cm in the chamber when the LED light was closest to the chamber. Heterogeneity of PPFD distribution was found and its average value was 847 ± 132 μmol/m 2 /s, which roughly corresponded to values recorded in the morning on clear days in the semi-arid corn fields (Yasutake et al. 2006) .
Preliminary experiment on the validity of vapour flux measurements. Two methods for measuring vapour fluxes of plants (T r and/or ET) were installed in the whole-plant chamber system, and the validity of those measurements needed to be determined. Therefore, we conducted two preliminary experiments in a laboratory environment, in which corn plants (Zea mays L., cv. Pioneer P2307) at the 10 th leaf stage were planted in pots (a volume of 8 L) with well-watered vermiculite. One plant was not wetted and the time change in T r values was measured by two methods. The other plant was wetted by spraying water on all leaf surfaces well until surplus water dripped off. The amount of water attached on leaves, measured from the difference in leaf weight before and after wetting treatment to other corn leaves in advance, was 99.9 g/m 2 (SD = 24.1 g/m 2 , n = 20). Similar to the measurements for not wetted plants, time change in vapour fluxes (T r and/or ET) was measured after wetting treatments. In this preliminary experiment, PPFD was set to the maximum (847 μmol/m 2 /s), and the soil surface of the pots was covered with a plastic film to prevent evaporation from the soil. Three plants were used Plant Soil Environ. Vol. 64, 2018, No. 5: 233-239 for respective experiments. The averaged values of T r and/or ET measured by different methods were compared to each other. Experiment on wetting effects. In a greenhouse located at the Kyushu University, corns were grown in pots (a volume of 8 L) with well-watered soil (clay:silt:sand = 6.7:14.7:78.6), simulated as a field soil in semi-arid regions , for approximately 4 weeks after sowing. For corn at the 10 th leaf stage with a leaf area of 0.18 ± 0.0012 m 2 , irrigation was stopped to decrease volumetric soil water content to around 10% that corresponded with conditions observed in semi-arid crop fields (e.g. Yasutake et al. 2006 Yasutake et al. , 2015 . Such corn plants were transported to the laboratory and used for the wetting experiment. Table 1 shows the soil physical parameters and soil water conditions of the experiment.
Two treatments were applied to the plants. One treatment entailed wetting the plants in the same manner as the preliminary experiment (wetted treatment), and the other served as a control in which the plants were grown under normal conditions (non-wetted treatment). Immediately after applying the treatments, the time change in gas exchanges and related parameters for plants were measured at a constant PPFD of 847 μmol/m 2 /s, and the averages of three plants were recorded from 20 to 30 min post treatment. Soil evaporation from pots was prevented by covering the soil surface with a film. Based on the measurements of gas exchange parameters, the water use efficiency (WUE) was also evaluated as P/T r .
Statistical analysis. Statistical analysis of gas exchanges and related parameters (T L , e L , e A , e L -e A , T r , G L , P and WUE) between the wetted and nonwetted treatments was conducted using a Student's t-test in the statistical program R (version 3.2.4, R Development Core Team, Vienna, Austria).
RESULTS AND DISCUSSION
Validity of measuring the transpiration of wetted plants. Figure 3 shows the results of the preliminary experiment, i.e. time change in water vapour fluxes (T r , E or ET) of non-wetted and wetted corn plants measured by the whole-plant chamber system. The T r values for non-wetted plants were nearly the same between the two treatments ( Figure 3a) . Furthermore, such values were relatively constant at approximately 5-6 mmol/m 2 /s, which was reasonably consistent with the results of Yasutake et al. (2006) .
On the other hand, there was a notable difference between ET and T r for wetted plants, in which T r was approximately half of ET at the start of the measurement (Figure 3b ). This difference should be E of water attached to leaf surface. ET and T r then gradually decreased and increased, respectively, with time; this might be attributed to decreasing E due to leaf wetness drying. ET and T r finally equalized at around 5 mmol/m 2 /s when leaf wetness disappeared, similar to the results seen in Figure 3a .
These results suggest that T r could be measured adequately by the chamber method and sap flow meter method installed in the whole-plant chamber system. Furthermore, the whole-plant chamber system can be used to analyse the water vapour dynamics of wetted plants.
Wetting effects on gas exchanges and related parameters. Figure 4 shows the parameters related to gas exchange, such as T L , e L , e A , and e L -e A under the wetted and non-wetted treatments. Leaf wetting prevented an increase in T L due to the heat capacity and latent heat of water; therefore, T L accompanied by a decrease in e L was significantly lower in the wetted treatment than those in the non-wetted treatment. However, e A was significantly higher in the wetted treatment than it was in the non-wetted treatment. This observation could be attributed to accelerating evapotranspiration (Figure 3) , which should increase humidity around the leaves in the wetted treatment. Pan et al. (2010) found a positive linear relationship between wetting amount and relative humidity. e L -e A as a driving force of transpiration in the wetted treatment was approximately 34% of that in the non-wetted treatment. That is, leaf wetting significantly decreased the driving force of transpiration (e L -e A ). Such results were consist- Means of soil volumetric water content and water potential with standard errors of twelve and seven dates, respectively, for the leaf wetting experiment are also shown ent with those reported by Yasutake et al. (2015) , in which the effects of leaf wetting on T L , e L , and e L -e A were analysed in cornfield. However, they did not observe an increase in e A due to wetting. The present study showed a potential multiplier effect of decreasing e L and increasing e A due to leaf wetting. Figure 5 shows the gas exchange characteristics (ET, E, T r , G L , P and WUE) of a whole plant under the wetted and non-wetted treatments. Leaf wetting caused extremely high ET, in which a large amount (75%) of ET was E and the remaining 25% was T r . Komori and Kim (2016) wetness by dew deposition affected ET through E in paddy fields during the dry season. This T r value for the wetted treatment corresponded to only 56% of that for the non-wetted treatment. Thus, the whole-plant chamber system developed in the present study might quantitatively reveal the suppression effect of leaf wetting on T r and E. A ratio of values for the wetted treatment to the non-wetted treatment corresponded to 34% for the driving force of transpiration (e L -e A ) (Figure 4 ) but 56% for T r . This difference in ratios could be attributed to G L , an index of stomatal aperture, which was significantly higher in the wetted treatment than that in the non-wetted treatment. It is well known that higher humidity at a constant light intensity induces increasing stomatal aperture (i.e. higher stomatal conductance) through decreasing T r (e.g. Kramer and Boyer 1995, Yasutake et al. 2014) . Therefore, leaf wetting should enhance stomatal aperture through a similar mechanism of the humidity effect.
According to the increasing G L caused by leaf wetting, P for the wetted treatment was also significantly higher (1.3 times) than for the non-wetted treatment. The positive effects of leaf wetting on stomatal aperture and photosynthesis observed in the present study were inconsistent with those of the previous studies (Ishibashi and Terashima 1995, Hanba et al. 2004 ). Ishibashi and Terashima (1995) observed a rapid stomatal closure after wetting due to a great increase in the turgor pressure of epidermal cells than that of guard cells -a phenomenon known as the hydropassive process (Zeiger 1983) . Hanba et al. (2004) examined the leaf wetting effects from the viewpoint of leaf wettability and observed decreases in stomatal aperture and photosynthesis for the non-wettability leaf, such as corn leaf (UrregoPereira et al. 2013) . The difference in stomatal and photosynthetic responses to wetness between the past and present studies may be attributed to the degree and duration of wetness in the leaves. These previous studies applied wetting treatments to plants, simulating rain (heavy and long-term wetting), while the present study simulated night time dew formation with relatively low levels and short periods of wetting. Wetness was no longer visible 20-30 min after the application of the wetting treatment, and E approached zero at 100 min (Figure 3 ). Such moderate wetness on leaves should positively affect stomatal aperture and photosynthesis in the present study.
Furthermore, because T r and P, respectively, decreased and increased due to leaf wetting, WUE (= P/T r ) for the wetted treatment was 2.4 times higher than that for the non-wetted treatment. This finding indicates that leaf wetting provides an advantage for water use efficiency in crops. The results of Zhang et al. (2015) might support such a notion, as they pointed out the importance of leaf wetting due to dew formation as a water source in a semi-arid region.
In conclusion, a whole-plant chamber system was developed that is able to measure the transpiration rate in crops even when the leaves are wetted. This system was additionally applied to analyse the effects of leaf wetting on gas exchange characteristics in corn. Leaf wetting induced stomatal openings by decreasing transpirational water loss, and photosynthesis and water use efficiency subsequently improved significantly. These results suggest that morning leaf wetting due to night time dew formation might have an important role in crop production in semi-arid regions. Further study is needed to demonstrate this hypothesis regarding the advantage of night time dew formation in semi-arid crop production.
